The results of an experimental investigation on the human thermal comfort inside the cabin of some Airbus A319 aircrafts during 14 short-haul domestic flights, linking various Italian cities, are presented and used to define a correlation among the predicted mean vote (PMV), a procedure which is commonly used to assess the thermal comfort in inhabited environments, and the equivalent temperature and mean thermal vote (MTV), which are the parameters suggested by the European Standard EN ISO 14505-2 for the evaluation of the thermal environment in vehicles.
Introduction
A comfortable environment in aircraft cabins is a priority concern in mass transportation. The parameters most frequently complained by passenger are the humidity, temperature, odor, and noise (Lee et al., 2000) . Also the seat comfort, flight smoothness, and air quality are important for passenger comfort (Rankin et al., 2000) ; passengers who remain seated throughout the flight may risk edema or deep vein thrombosis (Brundrett, 2001) .
The airline cabin attendants are exposed to several potential occupational hazards, including cosmic rays (Blettner et al., 2002) . The crew operates within an environment that involves circadian dysrhythmia, reduced atmospheric pressure, mild hypoxia, low humidity, and exposure to sound, vibration and magnetic-field (Butler et al., 2000) . Symptoms more often reported by the crew include: irritation of the eyes, nose and throat, headaches, lightheadedness and dizziness, fatigue, weakness and a decrease in performance, a general increase in feeling unwell, concentration difficulties and confusion, diarrhea, nausea, vomiting and gastrointestinal problems, numbness (head, limbs, lips, fingers), shortterm memory impairment and joint pain/muscle weakness (Michaelis, 2003) . Some reports highlighting increased incidence of cancer among airline pilots and cabin crew have renewed concerns about possible exposure to harmful levels of cosmic radiation. Such a low energy ionizing radiation has been shown to cause DNA damages and induce genomic instability in human chromosomes (Lim, 2002) . There have been some suggestions that crews have a higher-than-normal probability of developing cancer, since they are exposed to potential genotoxic factors. These also include airborne pollutants such as the engine combustion products, ozone, and electromagnetic fields (Cavallo et al., 2002) . Actually, it was observed that airline pilots had an increased incidence of malignant melanoma of the skin and military pilots of other skin cancer (Hammar et al., 2002) .
When aircraft operators have sought to reduce fuel cost by flying at higher altitudes, the energy cost of supplying an adequate amount of outside air for ventilation has increased; the increased pressurization of the outside air required for ventilation can add up to 2% to the fuel cost (Hocking 2000 . The small air volume available per person in a fully occupied aircraft cabin accentuates the human bioeffluent factor in the maintenance of air quality (Hocking, 2002) . The poor level of air quality may also cause intolerance to contact lenses and may be a health hazard to both passengers and crew members (Backman and Haghighat, 2000) . The increased level of ozone can lead to respiratory problems for the upper airways and increased carbon dioxide may cause hyperventilation (Bergau, 1999) .
The aircraft's environmental control systems (ECS) have to provide air supply, thermal control and cabin pressurization for the crew and passengers because the environmental conditions at the cruising altitudes, which since the 1970s are about 12,000 m, would not allow human organism to survive. To achieve the appropriate cabin ventilation and air conditioning, the outside air is bled from an intermediate stage of the engine compressor, adequately cooled and expanded before to be mixed with the recirculated air. Unfortunately, the need of reducing the fuel cost in airlines business competition has driven to adopt air handling systems that may lead to inadequate levels of thermal comfort inside the cabins of commercial airliners. Moreover, in order to reduce the risk of corrosion of metallic components and prevent the growth of microorganisms, the relative humidity in the cabin is usually set to very low levels that may affect the thermal comfort and increase the stress that is often felt by the crew and passengers. Most notable are "dryness" symptoms attributable to the low humidity and "fatigue" symptoms associated with factors such as disruption of circadian rhythm (Nagda and Koontz, 2003) . Sometimes, perceived stress due to excess of work was associated with fatigue, feeling heavy-headed, headache and facial dermal symptoms (Lindgren et al., 2002) . The cabin pressure can also impact on many aspects of the well-being of aircraft passengers. Some recent studies have shown that while the overall probability of achieving moderate hypoxia is low for healthy people, the risk is higher in passengers 60 years old and over, with cardiovascular or pulmonary diseases (Muhm et al., 2007; McNeely et al., 2011; Grun et al., 2012) .
Several studies, which adopted experimental approaches based both on simulated and real flights, have taken into account the thermal comfort and air quality in aircraft cabins. The indoor air quality inside the cabins of Boeing 747-400, Airbus A330 and Airbus 340 aircrafts was investigated by Lee et al. (1999) for 16 flights during which the level of CO 2 and the air temperature and relative humidity were measured every five minutes. Sometimes, the air was felt quite dry because the relative humidity varied between 4.9%, which is a very small value, and 76.8% with a temporal variation dominated by a gradual decrease during the beginning and an increase at the end of the trip. The temperature in the aircraft cabin ranged from 19.3 C to 27.1 C. The crew, which filled 185 questionnaires, rated the overall air quality in the surveyed flights to be acceptable (36%) and adequate (32%), while the air quality was considered poor by 21% of the crew. Haghighat et al. (1999) measured the temperature, relative humidity and carbon dioxide concentration aboard 43 flights on commercial airlines with duration of more than one hour. The data, which were collected on Douglas DC9, Boeing 767 and Airbus A320 and A340 aircrafts, were compared with the ASHRAE standards for thermal comfort and indoor air. The average values of temperature and humidity ranged within 20.2÷23.8 C and 1.8%÷18.5%, respectively. The data showed that the air temperature was often below the recommended range (20.2÷24.7 C in winter, 24.0÷27.4 C in summer, with U.R. ¼ 50%) and the humidity was always too low. To evaluate the thermal comfort of the passengers on an Airbus A320, the PMV and the PPD were calculated during 21 flights. Assuming a light activity level and two air velocities of 0.1 and 0.15 m/s, the values of the PMV varied from À2.71 to À1.19 and from À1.26 to À0.21 in correspondence of the summer and winter conditions, respectively. The levels of relative humidity were very small on all flights and did not meet the lower limit of thermal comfort in ASHRAE standard 55-92.
The EC CabinAir Project monitored 14 flights that ranged from approximately 1 to 3 h (Ross et al., 2003) . The parameters related to the air quality, cabin pressure, air and globe temperature, relative humidity and air speed were measured not only during passenger boarding and disembarkation, but also during all phases of flight e from take-off, through cruise and then to descent. Moreover, the concentrations of carbon monoxide, carbon dioxide, nitrogen dioxide, volatile and semi-volatile organic compounds, bacteria and fungi, surface dust, dust mite and cat allergens, and ultrafine particles were collected. The ASHRAE Research Project RP-1262 aimed to investigate the link between perceived health symptoms and discomfort on one hand, and aircraft cabin environmental conditions and human factors on the other (Spicer et al., 2004) . The measured data on aircrafts generally agree that cabins are non homogeneous thermal environments where about 25% of the occupants feel dissatisfied. Strøm-Tejsen et al. (2005a,b) performed measurements in a simulated section of an aircraft cabin with 21 seats installed in a climatic chamber capable of providing fresh outside air at very low humidity. Experiments simulating 7-hour transatlantic flights were carried out at four supply rates of outside air (1.4, 3.3, 4.7 and 9.4 L/s per person), yielding average relative humidity levels of 28%, 16% and 11%, respectively. A total of 68 subjects filled in questionnaires, but no significant differences of symptoms were found among the above four conditions. In order to investigate thermal effects, the temperature inside the cabin was set at three different levels (20.6 C, 23.3 C and 26.1 C), while maintaining the outside air supply rate and total air supply to the cabin at constant values. Wang et al. (2008) used a full-scale section of a Boeing 767 cabin containing 35 manikins, which were equipped with body heaters and outlets of carbon dioxide to simulate breathing. The results of monitoring the environment quality in the cabin of a representative number of flights and aircraft were described by Chen in the report to the FAA issued by the Airliner Cabin Environmental Research (ACER) Program. Ozone levels were measured during 68 domestic flights (Chen et al., 2010) . Measurements of pesticides were made on 15 domestic flights and 46 international flights. On most of the flights, the cabin temperature ranged from 22 C to 29 C and the humidity data demonstrated a trend of starting at around 35e50% at the beginning of the flight and dropping to around 10e25% as the flight progressed. Moreover, about 3700 flight attendants, selected in order to get a representative distribution of flight attendant characteristics, were queried about their symptoms, diagnoses, care seeking, treatment and work-related injuries.
The interrelation between local and overall thermal comfort of passengers in a 30 m long pressure vessel holding the first 16 m of a complete wide body A310e200 aircraft was investigated by Park et al. (2011) . During 11 simulated 3.5h flights and two 7h flights, 40 test persons filled out questionnaires concerning their perceived overall and local thermal comfort at temperatures ranging from 20 C to 25 C. In order to verify if the high ratio of thermal dissatisfaction in the aircraft cabin reported in literature were caused by local discomfort, the physical and subjective data related to 11 body segments were used to evaluate the PMV, the thermal sensation mean vote and the PPD. While the PMV predicted the overall thermal sensation relatively well, the thermal dissatisfaction of the test persons were higher than the PPD calculated on the basis of the local thermal discomfort. The local thermal perception of some body segments resulted to be significantly different from the overall thermal perception and also different between satisfied and dissatisfied groups under the same overall thermal sensation or at the same air temperature. Anyway, it was observed that the results of the study may have been different inside real aircraft cabins because the experiments were performed without fuselage cooling and with air velocity lower than in a typical aircraft cabin environment. The ACER Center conducted an environmental monitoring in the passenger cabin of 83 commercial flights on six aircraft models (2 Airbus and 4 Boeing), flying U.S. domestic and international routes (Spengler et al., 2012) . Except for low pressure, occasionally high ozone, extremely dry air and perhaps slightly higher noise levels, the air quality and environmental conditions in the passenger cabin of commercial airplanes were found to be comparable or better than conditions reported for offices, schools and residences, with a few exceptions.
Many authors have also investigated the effects of the low levels of relative humidity by questioning the crew and passengers. Nagda and Hodgson (2001) pointed out that some subjects were not always able to perceive low humidity or changes in the humidity level and that the perception of humidity did not vary with the duration of exposure. Moreover, it was observed that the complaints of dryness decreased by lowering the air temperature with a constant relative humidity; adversely, the perceived staleness of air increases and the perceived acceptability of air decreases with a rise in either the air temperature or humidity. Lindgren et al. (2005 Lindgren et al. ( , 2007 investigated the perception of cabin air quality among Swedish commercial airline crew and the effect of humidifying the air cabin in eight intercontinental flights with a Boeing 767 aircraft. Grün et al. (2012) analysed the impact of low humidity on the human well-being during simulated 7 h long-haul flights. Questionnaires were filled in by 40 subjects who experienced relative humidity varying between 10% and 40% at a temperature range of 21 Ce25 C and atmospheric pressure between 753 hPa and ambient conditions. Using the data measured during 14 short-haul domestic flights, a relationship between the air relative humidity and C0 2 concentration was proposed and tested by Giaconia et al. (2013) . The relationship was used to predict the possibility of increasing the comfort of the crew and passengers reaching a suitable compromise between low levels of CO 2 and sufficient values of relative humidity in the aircraft cabin.
In this paper the experimental study is presented of the thermal comfort that was carried out on 14 short-haul domestic flights linking various Italian cities. On the basis of the measurements of the parameters affecting the thermal comfort, performed inside the cabin of an Airbus A319, the values of the PMV and the PPD were calculated and compared with the answers of the passengers who filled in questionnaires. Moreover, observing that the environmental conditions in the cabins of commercial airliners may seem similar to the ones that are usually present in crowded means of public transport, such as trains and long-haul buses, it was tried to verify if the level of thermal comfort could be assessed by means of the equivalent temperature and the MTV, which are the parameters suggested by the European Standard EN ISO 14505-2 (2007) for the evaluation of the thermal environment in vehicles. The equivalent temperature was evaluated using both the equations of Fanger and the values of the skin temperature measured on some volunteers during flights. The comparison between the values of the PMV and the MTV permitted to define a direct correlation linking these comfort indexes, which resulted quite accurate in the range of the analysed data.
Experimental assessment of thermal comfort with the predicted mean vote
The experimental assessment described in this paper was conducted in the passenger cabin of some Airbus A319 during the 14 short-haul domestic flights listed in Table 1 .
The human thermal comfort is governed by many environmental and personal variables. These have to be acquired to achieve reliable results from the calculations of the PMV and PPD (Fanger, 1967 (Fanger, , 1970 (Fanger, , 1982 . The air temperature and relative humidity measurements during flights were performed by means of DS1923 iButton ® micro-loggers produced by Dallas Semiconductors. The DS1923 is a rugged, self-sufficient system that measures temperature and/or humidity at a user-defined rate and records the result in a protected memory section. The resolutions declared by the manufacturer are 0.5 C with 8 bit resolution or 0.0625 C with 11 bit resolution and 4% RH or 0.04% Rh for temperature and relative humidity, respectively. The temperature accuracy is better than ±0.5 C; each element can be laboratory calibrated and the calibration result stored in a memory register. The data were sampled every minute from boarding to disembarking. With the aim of verifying the uniformity of the environmental conditions in the cabin, the air temperature and relative humidity were measured in 15 points that were distributed regularly along the airplane in order to divide the cabin in five sections with about the same volume; Fig. 1 shows the position of the sensors.
The temperature/humidity sensors were placed in the middle of the ceiling and in the upper part of the walls of the cabin, as it is shown in Fig. 2 and Fig. 3 .
It is obvious that it would have been better not to place the sensors on the inside surfaces of the cabin and get measurements of the temperature and humidity in correspondence of the positions occupied by the passengers. Unfortunately, because the measurements were performed during actual commercial flights, the installation of the sensors near the bodies of the passengers was considered quite improper by the airline company. Even if some differences, of the same order of magnitude of the accuracy of the used sensors, were found in the sampled data, an acceptable uniformity of the air temperature and relative humidity distribution throughout the cabin was observed. Table 2 lists some values that describe the differences observed between the data measured in the middle zone of the cabin and the data collected in the other four zones.
The values of the air temperature and relative humidity in the middle zone of the cabin were used to represent the environmental conditions of the entire cabin. The mean radiant temperature in the middle zone of the cabin was measured every minute by means of a globe thermometer DIN IEC 751 connected to a BABUC/M portable data logger. The minimum, maximum and average measured values of the air temperature, relative humidity and mean radiant temperature are listed in Table 3 .
The air temperature varied between 22.2 C and 26.0 C; the average of the air temperature ranged from 23.1 C to 25.0 C. The relative humidity varied from 8.7%, which is a very low value, to 59.2%. The greatest values of the relative humidity were reached in correspondence of the take-offs. At cruising altitudes, where airliners fly for the most part of the time, the minimum values of the relative humidity were generally observed. The average of the relative humidity ranged from 17.9% to 27.0%. The mean radiant temperature varied between 23.0 C and 27.5 C; the average of the mean radiant temperature ranged from 24.0 C to 26.2 C. The air velocity is another parameter that significantly affects the thermal comfort. In aircrafts the conditioned air is ejected from the ceiling outlets generating circular airflow patterns in the cabin. Moreover, each passenger can use adjustable nozzles to locally modify the air velocity and direction in order to achieve their personal thermal comfort. It was established that the air leaves the outlets at a velocity greater than 2.5 m/s and keeps values varying between 0.1 and 0.35 m/s close to the passenger's body. Because the air outlets and adjustable nozzles are not adequately far from passengers, the velocity field in the occupied zone of the cabin is not quite uniform and it is very difficult to define a reliable average value of the air velocity on the basis of the measurements performed in some points of the cabin. For this reason, instead of using unreliable data, the results of the air velocity measurements were only used to confirm that a value of 0.1 m/s could be considered averagely adequate to calculate the PMV and the PPD. The following values of the rate of metabolic heat production M and clothing thermal resistance R cl were also used to perform the calculations: 
where:
t cl ¼ mean temperature of the outer surface of the clothed body
The PMV and the PPD were calculated using the data of the air temperature, relative humidity and mean radiant temperature measured during the flights listed in Table 1 . The PMV varied between À0.16 and 0.90 from take-off to touchdown; the PPD ranged from 5.0% to 22.1%. In order to confirm the obtained results, questionnaires were distributed to the passengers. Unfortunately, dealing with non-simulated flights, it was difficult to find a sufficient number of cooperative passengers. Only 67 passengers accepted to fill in the questionnaires. The age of passengers ranged from 22 to 50, with a mean value of 31.8; about 46% of the passengers were women, 54% were men. Questionnaires were handed over about 30 min after take-off. The thermal sensation votes ranged from À1 (slightly cool) and þ1 (slightly warm). Although the number the questionnaires was too small to be of statistical significance, a fairly good concordance was observed with the calculated values of the PMV because the average of the thermal sensation votes varied from 0.16 to 0.35. Even if low values of the relative humidity were present during flight, the passengers did not perceive the effect of the air dryness on the thermal comfort level. Actually, the exposure to low relative humidity levels, rather than influence the perception of thermal comfort, can frequently induce unpleasant secondary symptoms, such as dry itchy o irritated eyes, dry or stuffy nose and skin dryness or irritation.
Assessment of the equivalent temperature
The equivalent temperature is an environmental index described by the European Standard EN ISO 14505-2, which provides guidelines for the assessment of the thermal conditions inside a vehicle compartment. Like other transportation means, such as trains and long-haul buses, aircrafts are spaces where the passengers suffer from lack of room and feel uncomfortable because of occupant density. Hocking (2000) reported that the passengers in a fully loaded aircraft typically have about 1÷2 m 3 of available space per person, roughly 1/10th that of a typical office worker or a spectator in an auditorium. It was calculated that, with 1 m 3 of space per person and without any air change, it would take only 2.3 min for the concentration of CO 2 in that space to exceed the 1000 ppmv comfort ceiling recommended by the ASHRAE. Airplane cabins have become even more crowded over the last few decades because the seat pitch has decreased from about 86 cm to 79 cm, or even less. Actually, the lack of legroom is of the biggest complaints among flyers, especially on flights over four hours in length (Tripadvisor, 2012) . The equivalent temperature is defined as the temperature of a homogeneous space, with a value of the mean radiant temperature equal to the air temperature and zero air velocity, in which a person experiences the same heat loss by convection and radiation as in the actual conditions under assessment. The equivalent temperature, which integrates the independent effects of the thermal exchange for convection and radiation from the human body, is an objective index that does not take into account the human perception and sensation or other subjective aspects. Many studies have analysed the thermal comfort in vehicles by assessing the equivalent temperature by means of multi-segmented manikins or heated sensors (Wyon, 1989; Wyon et al., 1989; Nilsson et al., 1997; Gameiro da Silva, 2002; Nilsson et al., 2003; Quintela et al., 2004; Nilsson, 2007) . The total and local heat fluxes from the thermal manikins were determined for different climatic conditions and compared with the thermal sensation votes of subjects exposed to the same conditions. On the basis of the value of the equivalent temperature it was possible to predict the heat balance of the human body under conditions in, or close to, the thermo-neutral zone. The thermo-neutral zone describes the range of temperatures of the environment in which a person can keep a normal body temperature because the basal rate of heat production is in equilibrium with the rate of heat loss to the external environment. It was found that the values of the equivalent temperature of a defined environment are closely related to how the people perceive the thermal conditions when they are exposed to the same environment. The equivalent temperature can be calculated by means of the following equations:
where: In the previous equations t s is the temperature of the surface exposed to the environment, which corresponds to the whole body skin, if the person is naked. Because the sensible heat emitted by the skin is transmitted to the surrounding environment through the clothing, the following equations have to be used:
where t sk is the skin temperature of the body and R cl is the clothing resistance. If temperature t cl is eliminated in the above equations, total sensible heat loss Q s can be expressed with the following equation:
which is obviously valid if the person, or the manikin, is in steady-state conditions. As opposed to thermal manikins, the human body also dissipates latent heat by sweat evaporation, natural diffusion of water through the skin and vapour loss from the respiratory tract to the inhaled air during respiration. For this reason, when sweating thermal manikins are not used, the surface temperature of a thermal manikin should be set to a value higher than the human skin temperature in order to make the heat loss from the manikin equal to total heat Q T emitted by the person (Richards and Mattle, 2002; Wang, 2008; Wang et al., 2010) . The rate of sensible and latent heat loss from the body may be evaluated by means of the following relations that Fanger (1967 Fanger ( , 1970 Fanger ( , 1982 used to calculate the PMV: Eq. (7) can be used to calculate convective heat loss C in Eq. (11). In order to evaluate the human body equivalent temperature t * eq , Eq. (3) has to be replaced with the following equation:
Skin temperature t sk may be calculated with the following equation (Rohles and Nevins, 1971) ,
The skin temperature may be also experimentally measured and used in Eq. (9) to directly calculate the sensible heat loss without the need of Eq. (11). The value of the mean skin temperature of the human body is usually obtained by adding the products of a finite number of local skin temperatures and the corresponding weighting factors. As it is reported by Liu et al. (2011) , many methods for calculating the mean skin temperature, based on different numbers of skin temperature sites and weighting factors, have been deduced from the field of physiology. Gagge et al. (1969) and Bulcao et al. (2000) used a 10-site weighed calculation method. Hasebe et al. (1995) and Huizenga et al. (2004) proposed a 7-site method. Olesen (1984) claimed that in warm conditions, when skin temperature is rather uniform, 2÷4 measurement sites may be enough, while in cold conditions 8÷12 skin measurement sites may be necessary.
With the aim of investigating the reliability of the experimental approach, the skin temperature of two volunteers, who seated in the middle zone of the cabin, was measured every minute from boarding to disembarking. Three iButton ® devices were located on the left chest, right calf and left forearm of each volunteer in order to evaluate mean skin temperature t msk by means of the following 3-site weighted equation (Burton, 1935) :
where: 18.0 C < t eq < 21.0 C 20.0 C < t eq < 23.8 C 3 Neutral 21.0 C < t eq < 24.0 C 23.8 C < t eq < 26.7 C 4
Warm but comfortable 24.0 C < t eq < 27.0 C 26.7 C < t eq < 30.0 C 5 Too hot t eq > 27.0 C t eq > 30.0 C Because, as it was predictable, different values of the skin temperatures for each volunteer were measured, the average of their t msk was used for the calculations.
Whereas the PMV permits to directly assess the level of the thermal comfort perceived by the occupants, the equivalent temperature needs to be interpreted in terms of perception of the thermal sensation and comfort. Actually, the various parts of the body perceive different thermal comfort sensations when they are exposed to the same equivalent temperature. For this reason European Standard EN ISO 14505-2 indicates both summer and winter comfort zones related to the whole body or the different 16 segments in which the body may be subdivided. Table 4 lists the whole body comfort zones that refer to a winter and summer clothing of 1.0 and 0.6 clo, respectively. Because the thermal comfort zones are defined for people sitting into a vehicle, no correction for to the additional insulation due to the seats has to be considered.
Equivalent temperature t * eq was calculated using the data of the measured mean skin temperature in Eq. (9) and evaluating Q l by means of Eqs. (15)e(17). To calculate clothing area factor f cl and convection heat transfer coefficient h c , Eqs. (1) and (2) 
ε ¼ average emissivity of clothing surface, typically 0.95
The ratio A r /A D was assumed equal to 0.7 for a sitting person (Fanger, 1967) . The calculations of t * eq were also performed using Fanger Eqs. (13)e(17) and adopting Eq. (20) to evaluate the skin temperature. Table 5 summarizes the results of the calculations.
The values of the equivalent temperature are contained mostly in the summer zone 3 of Table 4 . The average equivalent temperature calculated with the Fanger equations ranged from 25.41 C to 26.27 C whereas it varied between 25.25 C and 26.42 C when the measured data of the skin temperature were used. The differences between the values obtained using Eq. (19) and the ones based on the measured skin temperature were quite small and never surpassed 0.66 C. The minimum values of the equivalent temperature were never smaller than the lower threshold of the summer comfort zone 3; the upper threshold of the summer comfort zone 3 was seldom exceeded. Consequently, considering the summer conditions that are typically present in Italy until the beginning of October, it is predictable that the passengers would perceive a neutral thermal sensation. Because the PMV and the equivalent temperature predict thermal sensations that are qualitatively quite similar, it seemed interesting to better investigate on the correlation that may link such environmental indexes.
A correlation between the PMV and the MTV
In the experimental studies performed with thermal manikins, the thermal sensations were expressed using the MTV, which is based on a seven points scale. The heat fluxes from manikins were compared to the MTVs in order to define a relation with the equivalent temperature. Table 6 summarizes the thermal sensation scales of the PMV and MTV along with the thermal sensation zones of the equivalent temperature.
Comparing the thermal sensation scales listed in Table 6 , it is evident that the PMV does not perfectly correspond to the MTV, and vice versa. At first sight the PMV thermal sensation scale seems to be more gradual than the MTV scale. Moreover, each value of the PMV indicates a precise and distinguishable sensation whereas the MTV scale seems to assess only whether thermal conditions are still acceptable or quite intolerable.
Because the temperature in the middle of the summer thermal sensation zone 3 corresponds to 25.25 C, the values of the equivalent temperature listed in Table 5 result averagely closer to the upper threshold of the summer thermal sensation zone 3 than to the lower limit. Such condition corresponds to a thermal sensation that should be a bit warmer than "neutral" and seems more similar to the "slightly warm" sensation of the PMV scale.
In order to go from qualitative to quantitative considerations, one may consider the existence of a direct numerical correlation between PMV and MTV via the equivalent temperature. To define such correlation it may be intuitively supposed that point 0 of the MTV scale corresponds to point 0 of the PMV scale and is located in the middle of the thermal sensation zone 3, where the equivalent temperature is 25.25 C in summer conditions. Moreover, it may be empirically assumed that points þ1 and À1 of the MTV scale match points þ1 and À1 of the PMV scale, respectively. Point þ1 of the MTV scale may be set in the middle of the summer thermal sensation zone 4, where the equivalent temperature is 28.35 C, and point À1 of the MTV scale may be matched to 21.9 C, which is the equivalent temperature in the middle of the summer thermal sensation zone 2. Moreover, it may be assumed that the MTV linearly varies with the equivalent temperature into the range from À1 to þ1. To verify the reliability of the adopted approach, the PMVs evaluated during all flights were compared to the MTVs obtained from the equivalent temperature on the basis of the correspondence previously described. Unfortunately, such approach did not yield consistent results. Actually, comparing the values of the PMV with the values of the MTV, it was observed that, in correspondence of PMV ¼ 0, the MTV was generally equal to about À0.15. Moreover, the MTV varied between values that were always smaller than the values of the PMV.
In order to compensate such difference and make the MTV correspond to the PMV into the range bounded by À1 and þ1, the following relationships were used:
and t smaller than the MTV evaluated with the Fanger equations; the opposite is observed for flights 11, 13 and 14. Such a behaviour, which accounts for the statistical nature of the measurements performed on human subjects, seems to confirm the reliability of the proposed approach. Table 7 lists the minimum and maximum differences between the PMVs, the MTVs calculated with the Fanger equations and the MTVs evaluated using the measured values of the skin temperature; also the average values of the absolute differences are indicated.
The minimum value of the absolute difference between the PMV and the MTV, calculated with the Fanger equations, was observed for flight 9 and resulted equal to 0.0073; in flight 1 it was reached the maximum value of 0.0589. The minimum difference between the PMV and the MTV, calculated with the Fanger equations, varied between À0.0009 and 0.0087 and the maximum difference ranged from 0.0187 to 0.0589. The MTVs based on the measured values of the skin temperature resulted less accurate. A minimum value of the absolute difference of 0.0301 was obtained for flight 10, whereas for flight 4 the maximum value reached 0.2579. On the basis of the observed differences it is possible to affirm that the proposed relationship is able to link the equivalent temperature and the MTV to the PMV with an adequate level of accuracy within the range of the analysed values.
Conclusions
An experimental study upon the thermal comfort conditions inside the cabin of an Airbus A319 aircraft during 14 short-haul domestic flights is presented. The study confirmed that the values of the air temperature inside cabins are quite acceptable whereas the relative humidity can be very small, especially at cruising altitudes where airliners fly for the most part of the time; the calculated values of the PMV agreed with the answers of the passengers who were asked to fill in questionnaires: the average of the air temperature varied between 23.1 C and 25.0 C, with a minimum value of 22.2 C and a maximum value of 26.0 C; the average of the mean radiant temperature varied between 24.0 C and 26.2 C; the relative humidity ranged from a minimum of 8.7% to a maximum of 59.2% and its average value varied between 17.9% and 27.0%; the calculated values of the PMV ranged from À0.16 to 0.90 from take-off to touchdown; the PPD varied between 5.0% and 22.1%.
The experimental data were used to define a correlation linking the equivalent temperature and the MTV to the PMV. The results of the study proved the validity and reliability of the proposed correlation:
the minimum value of the absolute difference between the PMV and the MTV calculated with the Fanger equations resulted equal to 0.0073; the maximum difference reached a value of 0.0589; the MTVs based on the measured values of the skin temperature resulted less accurate because a minimum value of the absolute difference of 0.0301, and a maximum value of 0.2579, was observed.
Thanks to the proposed correlation, the equivalent temperature and the MTV, which were specifically proposed to evaluate the thermal sensation in vehicles, can be an effective alternative to the PMV for the assessment of the thermal comfort in airplanes or other occupied places. 
